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istry apAbstract The present investigation was aimed at obtaining a sulfated derivative of gum obtained
from partially ripe fruits of Aegle marmelos employing the ultrasonication technique. Elemental
analysis and FTIR-ATR studies conﬁrmed successful sulfation. The molarity of sulfuric acid
exerted maximum inﬂuence on the degree of substitution followed by reaction temperature and
reaction time. The sulfated derivative showed higher swelling in both acidic and alkaline pH as com-
pared to the unmodiﬁed gum. It also possessed higher negative zeta potential, higher viscosity, work
of shear, ﬁrmness, consistency, cohesiveness and index of viscosity as compared to both unmodiﬁed
gum as well as sodium alginate. Sulfated derivative was superior to unmodiﬁed gum and sodium
alginate in terms of antimicrobial and anticoagulant activities. The sulfated sample appears to be
a potential substitute over the unmodiﬁed gum sample and sodium alginate for modulating the
physicochemical properties of food and drug release dosage forms.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Polysaccharides are widely distributed in plants, animals and
microorganisms. Polysaccharides have drawn the interest of
biochemical and nutritional researchers in recent years due
to their diverse biological activities (Cui et al., 2007). Few
pharmacological activities of polysaccharides that have been5 3046255/9417457385.
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proach. Arabian Journal of Chdiscovered by researchers include immunity enhancement,
anti-tumor, anti-viral, anti-oxidation and hypoglycemic
effects.
Polysaccharide modiﬁcation is receiving unprecedented atten-
tion because it provides an ineluctable approach for synthesizing
novel functionalized macromolecules. Molecular modiﬁcation
and structural expansion of polysaccharides are reported to bring
forth outstanding physiological properties in maintaining health
and preventing diseases (Alban et al., 2002). Sulfated polysaccha-
rides are polysaccharides containing high amounts of sulfate
groups. Although, found in nature, the majority of sulfated poly-
saccharides are obtained by chemical modiﬁcation. Sulfated chitin
and chitosan are found to be efﬁcient carriers to deliver thera-
peutic agents across a mucosal membrane (Kydonieus et al.,
2004). Sulfation of polysaccharides has been reported for aing Saud University.
ysico-chemical and biomedical applications of sulfated Aegle
emistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.07.048
2 M. Jindal et al.variety of polysaccharides such as galactan, curdlan, glucan,
chitosan, dextran and pullulan (Jung et al., 2011). The sulfation
reaction may involve all the primary and secondary hydroxyls
that are present in the polysaccharide. Reagents commonly em-
ployed for this purpose include mainly chlorosulfonic acid in
pyridine, piperidineN-sulfonic acid or sulfur trioxide complexes
with pyridine, triethylamine orDMF (Wong et al., 2010). Form-
amide, DMF, DMSO and pyridine are usually used as solvents
in these reactions. Searching for desirable non-conventional
modiﬁcation methods is always of contemporary interest, espe-
cially for justifying the application of green chemistry to syn-
thetic processes. Ultrasonication has been described as a
useful aid in chemical processes to achieve the aim of waste
and polluting-product reduction (Kardos andLuche, 2001) thus
offering a promising alternative to currently established
protocols.
The traditional methods used for modifying polysaccha-
rides are time-consuming and also involve large volumes of or-
ganic solvents. Therefore, the present investigation was aimed
at employing ultrasonication to carry out sulfation of the poly-
saccharides present in the Aegle marmelos fruit. This procedure
avoids excessive loss of polysaccharide material and wards off
structural changes to the samples that may take place when
chemical reagents are used. In addition, time of reaction was
expected to be lower with this technique as elucidated by a re-
cent ﬁnding that employed ultrasonication, for octenylsucci-
noylation of carboxymethyl starch (Cı´zova´ et al., 2008).
The partially ripe fruits of A. marmelos, commonly known
as Bael in Hindi language are reported to contain bioactive
compounds such as carotenoids, phenolics, alkaloids, pectins,
tannins, coumarins, ﬂavonoids and terpenoids (Maity et al.,
2009). The fruit is edible and has been recommended for use
as an antiamoebic and antihistaminic (Baliga et al., 2010).
Seeds of unripe bael fruits contain gum enveloped around each
seed. A. marmelos gum is highly branched in nature with termi-
nal units of galactose, galactutronic acid, rhamnose and arab-
inose (Roiy et al., 1977). The branching heteropolysaccharide
feature allows for easy preparation of sulfated compounds that
would be difﬁcult to obtain by a synthetic approach.
The literature however, does not report any studies with re-
spect to the sulfation of BFG. The present investigation in-
volved synthesis and characterization of sulfated BFG, with
various degrees of sulfation (DS), by ultrasonication technique
using sulfuric acid (19 M). Orthogonal design was used for
reducing the number of experiments to be conducted. The de-
sign tested the impact of three critical processes and formula-
tion variables on the degree of sulfation (DS).
2. Materials and methods
2.1. Materials
Bael fruits, unripe were collected from the local market. De-ion-
ized (Milli-Q) water was used for all experiments. Sulfuric acid
was purchased from theHimedia Laboratories,Mumbai, India.
All other chemicals used were of analytical reagent grade.
2.2. Antinutritional factors
Dried mesocarp and pericarp from unripe bael fruits was
tested for the presence of antinutritional factors. The extractedPlease cite this article in press as: Jindal, M. et al., Synthesis, ph
marmelos gum: Green chemistry approach. Arabian Journal of Chgum was tested particularly for those antinutritional factors
that could be expected to be present in dried mesocarp and
pericarp.
2.2.1. Trypsin and a-amylase inhibitors
The trypsin inhibitory activity was determined using casein as
the enzyme substrate (Arnon, 1970). Trypsin inhibitory unit
(TIU) is deﬁned as the difference between the units observed
in the maximum activity and the activity of the samples con-
taining the inhibitors. The a-amylase inhibitor activity was
determined using starch as the substrate for the enzyme (Desh-
pande et al., 1982).
2.2.2. Hemagglutinating activity
Hemagglutination assays were carried out using rabbit eryth-
rocytes (Moreira and Perrone, 1977). The extract (1% w/v
dried pulp) prepared in 0.05 mol L1 acetate buffer pH 5.0
was serially diluted with 0.15 mol L1 NaCl solution. One mil-
liliter of a 2% erythrocyte suspension was added to an equal
volume of the sample and the mixture was incubated at
37 C for 30 min and then kept aside for 30 min at 25 C.
The tubes were centrifuged at 2000g for 1 min and the last tube
showing visible agglutination was considered equivalent to
minimal hemagglutinating concentration.
2.2.3. Phytic acid determination
The phytic acid content was determined with modiﬁcations for
resin DOWEX-AGX-4 as described by Ellis and Morris
(1986). A standard curve of phytic acid (Sigma, USA) was pre-
pared and the results were expressed as mg g1 of the sample.
2.2.4. Total tannins
The analysis of total tannins in the extract (1% w/v dried pulp
in 0.05 acetate buffer pH 5.0) was carried out according to the
method described by Hagerman and Butler (1989). Tannin
concentration in the sample was measured using a standard
curve of tannic acid.
2.2.5. Saponins determination
Presence of saponins was detected by employing the methodol-
ogy described by Duarte et al. (1990). 100 mg of dried pulp
sample was suspended in 20 mL of distilled water and incu-
bated in boiling water for 5 min. After incubation, the mixture
was cooled to room temperature, ﬁltered through a nylon
membrane and the volume adjusted to 100 ml with distilled
water. Serial dilutions (101–105) were made using distilled
water and the tubes were vortexed for 15 s followed by
15 min of incubation at room temperature (25 C). The pres-
ence of persistent foam after incubation indicated the existence
of saponin.
2.2.6. Alkaloids
The phytochemical analysis to evaluate the presence of alka-
loids was carried out by using the methodology described by
Costa (2001). One gram of A. marmelos dried pulp or extracted
gum was dissolved in 10 ml of 1% (v/v) H2SO4, and the mix-
ture was incubated for 2 min in boiling water. The solution
was ﬁltered and aliquots of 1 ml were added to tubes contain-
ing 40 ml of Dragendorff’s reagent. The formation of an or-
ange–red precipitate indicated the presence of alkaloids. Toysico-chemical and biomedical applications of sulfated Aegle
emistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.07.048
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taining 40 ml of Mayer’s reagent. The formation of precipitate
conﬁrmed the presence of alkaloids.
2.3. Extraction of BFG
BFG was extracted by modifying the method reported by Jin-
dal et al. (2013). Brieﬂy, partially ripe bael fruits were collected
from the A. marmelos tree. The hard woody and spherical
fruits were carefully broken down into two equal parts. The
amber colored viscous, very sticky, translucent gummy sub-
stance along with the seeds and pulp separating the fruit outer
wall was marked as the desired portion. This gum along with
seeds was collected in a beaker containing 2% v/v glacial acetic
acid solution. The slurry was boiled on a water bath for 45 min
with continuous stirring and kept overnight. The slurry was ﬁl-
tered through a muslin cloth to remove the debris. The gum
was precipitated from the ﬁltered slurry by adding acetone.
The precipitates were dried in a vacuum oven at 50 C and
grounded to obtain a light brown ﬁne powder. The gum was
further puriﬁed by dialysis and puriﬁed BFG was obtained
by freeze drying.
2.4. Modiﬁcation of BFG
The effect of three factors, the concentration of sulfuric acid,
reaction time and reaction temperature on the degree of sulfa-
tion was investigated. Nine reacting conditions were designed
according to orthogonal test as L9 (3
3) (Table 1). Three levels
per factor were employed using 9.5, 19 or 38 M concentration
of sulfuric acid, reaction time of 2, 4 or 6 h, and reaction tem-
perature of 0, 10 or 25 C, respectively.
2.5. Ultrasonication of BFG
200 mg of BFG was suspended in sulfuric acid (9.5, 19 or
38 M) before being subjected to ultrasonication for 2, 4 or
6 h at 0, 10 or 25 C. The samples were subsequently neutral-
ized using 0.1 N NaOH, dialyzed and eventually lyophilized.
The results represent average values of three experiments.
2.6. Elemental analysis of BFG
Lyophilized BFG samples were analyzed for sulfur content (%
S) by elemental analysis using ElementarVarioMicro (Elemen-Table 1 Sulfation of BFG.
Reaction conditions Results
Products A B C Yield (mg) DS
H2SO4 (M) Temp (C) Time (h)
uBFG1 9.5 0 2 149 1.94
uBFG2 9.5 10 4 128 1.48
uBFG3 9.5 25 6 94 1.06
uBFG4 19 0 6 89 0.74
uBFG5 19 10 2 112 0.91
uBFG6 19 25 4 53 0.68
uBFG7 38 0 4 29 0.17
uBFG8 38 10 6 12 0.29
uBFG9 38 25 2 27 0.15
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calculated according to the following equation (Bae et al.,
2009):
DS ¼ 0:162 ð%S=32Þ
100 ½ð80=32Þ %S
where, % S is the sulfur content (%).
2.7. Swelling index
The BFG or sulfated uBFG1 samples (100 mg) were soaked in
distilled water, HCl (0.1 N) or phosphate buffer of pH 1.2, 6.8
or 7.4, respectively (100 cc) for 24 h. The swollen material was
then removed and weighed after superﬁcial drying using a blot-
ting paper. The swelling index (SI) was calculated as:
SI ¼ wf wi
wi
where, wf is the weight of swollen material and wi is the initial
weight of the dry material.
2.8. Zeta potential studies
The zeta potentials of BFG and uBFG1 were measured at
25 C by using Zetasizer 4 (Malvern Instrument Ltd., UK).
Samples were diluted with HPLC water (MilliQ Synergy Sys-
tems, Millipore) and placed in a capillary measurement cell.
2.9. FTIR-ATR analysis
FTIR-ATR spectra of BFG and uBFG1 were recorded on a
FTIR-ATR spectrophotometer (Alfa, Bruker, Berlin, Ger-
many). The FTIR-ATR spectra were obtained between wave-
lengths of 4000 and 400 cm1.
2.10. Rheological behavior
2.10.1. Solution preparation
BFG, uBFG1 or SA sample was dissolved in distilled water at
varying concentrations (0.5–5.0% w/v) using a magnetic stirrer
for 3 h and then centrifuged (C-24 BL, REMI Elektrotechnik
Limited, Vasai, India) for 25 min at 25 C at a speed of
2500 rpm to remove insoluble matter.
2.10.2. Viscosity analysis
BFG as well as uBFG1 samples of various concentrations
(0.5–5% w/v) were analyzed for viscosity using a Brookﬁeld
viscometer (Brookﬁeld DV-1 Prime, Bruker, Berlin, Germany)
at a temperature of 25 C maintained using a refrigerated cir-
culating water bath.
2.11. Mechanical properties
Back extrusion (BE) and cone penetration (CP) tests were per-
formed for investigating the rheological behavior. Both exper-
iments were performed using a TA XT Plus Texture Analyzer
(Stable Micro Systems Ltd, Godalming, UK) equipped with a
300N load cell.
A rig (model A/BE, Stable Micro Systems) consisting of a
ﬂat 35 mm diameter perspex disc plunger that was driven intoysico-chemical and biomedical applications of sulfated Aegle
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4 M. Jindal et al.a larger perspex cylinder sample holder (50 mm diameter) to
force down into the sample was used for BE measurements.
The movement of the plunger forced the sample to ﬂow up-
ward through the concentric annular space between the
plunger and the container. The measuring cup was ﬁlled
with 30 ± 1 g of BFG, uBFG1 or SA sample. The test
was replicated eight times at a pretest speed of 1.0 mm s1,
test speed of 2.0 m s1 at a distance of 50 mm above the
top of the sample, penetrated to a depth of 10 mm, and re-
turned to the starting position. At this point (most likely to
be the maximum force), the probe returned to its original
position. The maximum positive force of extrusion (ﬁrmness
[N]), area of the curve (consistency [N.s]), and maximum
negative force due to back extrusion (cohesiveness [N])
and the negative area of extrusion (index of viscosity [NÆs])
were documented as descriptors of rheological behavior of
these samples.
Spreadability rig (HDP/SR, Stable Micro Systems) was
used for CP determination. It consisted of a 45 conical
perspex probe (P/45C) that penetrated a conical sample
holder containing BFG, uBFG1 or SA sample. Product
was penetrated to a distance of 50 mm at a 3 mm/s com-
pression rate. The work required to accomplish penetration
was calculated from the area under the curve (work of
shear [N.s]).
2.12. Antimicrobial effect
The antimicrobial activities of BFG, uBFG1 and SA samples
against Bacillus cereus and E. coli were examined (Jindal
et al., 2013). B. cereus and E. coli were inoculated in nutrient
broth and incubated at 37 C for 24 h. The gum solutions
(90 lL) with three different concentrations (0.5, 1.0, 2.0 mg/
mL) were added to the culture broth (10 lL) which was incu-
bated at 37 C for 18 h, and then the absorbance of the culture
broth was measured at 540 nm. The microbial inhibition effect
was calculated as follows;
Inhibition effectð%Þ ¼½ðAbs of controlAbs of sampleÞ=
Abs of control  1002.13. Anticoagulant activity
The anticoagulant activity of BFG, uBFG1 or SA sample
was determined by using the method of Matsubara et al.
(2001). For the activated partial thromboplastin time
(APTT) assay, uBFG1 sample (concentration of 25, 50 or
100 lg/mL prepared in 50 lL in distilled water) was mixed
with the plasma (50 lL) and incubated at 37 C for 2 min.
Then, APTT assay reagent (100 lL) was added to the result-
ing solution and further incubated at 37 C for 6 min. After
the addition of 20 mM CaCl2 (100 lL), the clotting time was
recorded and compared with that of heparin (Himedia labo-
ratories Ltd., Mumbai, India). In the prothrombin time (PT)
assay, PT assay reagent (100 lL) preincubated at 37 C for
10 min was added to the solution of the sulfated derivative
(50 lL) and plasma (50 lL) and the clotting time was mea-
sured. The prothrombin time (International Normalized Ra-
tio) was obtained from the clotting time ratio between the
sample and control.Please cite this article in press as: Jindal, M. et al., Synthesis, ph
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3.1. Antinutritional factors
The results obtained, showed the absence of hemagglutinating
activity, saponins, trypsin inhibitors and a-amylase inhibitors
in the dried mesocarp and pericarp of the bael fruit. The ab-
sence of these antinutritional factors is known to improve
the nutritional value of the bael fruit and consequently of
BFG. Alkaloids were found to be present in the dried meso-
carp and pericarp of the bael fruit, whereas, BFG was devoid
of alkaloids.
1.07 mg g1 of phytic acid was found to be present in
the dried mesocarp and pericarp of the bael fruit. Phytate
is considered an antinutritional factor mainly due to its
ability to bind essential dietary minerals, proteins and
starch, which often resulted in reduced absorption of these
important constituents. However, several researchers have
contested that phytic acid has antioxidant and anticancer
properties (Vucenik and Shamsuddin, 2006). In addition,
it is used in the preparation of various food products such
as bread, pasta and meat products. The bioavailability of
proteins or minerals is also reported to be reduced by tan-
nins (Ferreira et al., 2004). Although, BFG was found to
contain 1.21 mg of tannic acid per 100 mg1, no phytic acid
or tannins was detected in BFG. Absence of amylase inhib-
itors, trypsin inhibitors, and lack of hemagglutinating
activity improves the safety and the nutritional quality of
BFG.
3.2. Sulfation of BFG
A. marmelos gum is highly branched in nature with terminal
units of galactose, galactutronic acid, rhamnose and arabinose
(Roiy et al., 1977). The present investigations revealed the con-
tent of galacturonic acid in BFG to be approximately 7%. The
ratio of the sugar terminal units to sugars in the chains is 1:2.
The gum contains 1ﬁ 3 linkages in the galactose backbone
where galactose sugar hydroxyls at positions 2, 4 and 6 are
free. Further, in the terminal hexose sugar unit, four hydroxyls
at position 1, 3, 4 and 6 are free. Hence, both free hydroxyls
present in galactose as well as in the hexose units can be envis-
aged to be easily amenable to sulfation. Sulfation of BFG was
attempted under different conditions that were obtained by
varying the reaction parameters in order to obtain the maxi-
mum DS. The reaction parameters were varied with respect
to the concentration of sulfuric acid, temperature and time
(Table 1). The results indicated the highest yield of 149 mg of
uBFG1 while the lowest yield was 15 mg of uBFG9. The DS of
uBFG followed the order: uBFG1 > uBFG2 > uBFG3 >
uBFG5> uBFG4> uBFG6> uBFG8> uBFG7> uBFG9
and were 1.94, 1.48, 1.06, 0.91, 0.74, 0.68, 0.29, 0.17 and 0.15,
respectively. Analysis of the orthogonal array design indicated
that the most predominant inﬂuence on DS was exerted by
variable A (molar ratio of sulfuric acid). The extent of the
impact of variables on DS followed the order: variable C (reac-
tion time) < B (reaction temperature) < A (molar ratio of
sulfuric acid). It was observed that maximum DS was obtained
using 9.5 M of sulfuric acid with a reaction time of 2 h at 0 C.
The extent of sulfation for all samples was observed to beysico-chemical and biomedical applications of sulfated Aegle
emistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.07.048
Figure 2 FTIR-ATR spectra of (a) BFG and (b) uBFG1.
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studies have reported the sulfation of curdlan by conventional
chemical methods to range from 5.6% to a maximum of 20%
(Yoshida et al., 1995). However, these conventional chemical
processes utilize pyridine-SO3 complex that generates harmful
waste (pyridine) and also require a long reﬂuxing period as
well as a multi-step preparation.
3.3. Swelling index
The swelling of BFG in different media was observed to follow
the order pH 7.4 = pH 6.8 > pH 1.2 > HCl (0.1 N) (Fig. 1).
The uBFG1 sample also exhibited the same pattern (Fig. 1).
However, the SI of uBFG1 was higher than that of BFG in
any buffer. It is well established that low swelling in acidic
pH restricts the release of drugs from dosage forms. At the
same time, high swelling in alkaline pH would be useful for
sustaining drug release for a prolonged period as the dosage
form travels down the g.i.t (Rai et al., 2012). Therefore, higher
magnitude of swelling of uBFG1 as compared to BFG can be
expected to be useful for modulating the drug release from
dosage forms.
3.4. FTIR analysis
Fig. 2 depicts the ATR spectra of BFG and uBFG1 sam-
ples. In the spectrum of BFG (Fig. 2a), the absorption
bands at 1613 and 1421 cm1 could be ascribed to asymmet-
rical and symmetrical COO stretching vibrations, respec-
tively. The disappearance of these two absorption bands in
the spectra (Fig. 2b) of uBFG1 and appearance of a new
band at 1734 cm1 suggested C‚O stretching vibration.
Furthermore, the disappearance of this band on treatment
of uBFG1 with dilute NaOH solution indicated that it to
be due to C‚O stretching vibration of carboxylic acid moi-
eties present in uBFG1 sample. Fig. 2b revealed additional
two bands each at 1258 and 854 cm1. These bands could
be ascribed to asymmetrical S‚O stretching vibration and
symmetrical C–O–S vibration possibly associated to a C–
O–SO3 group, respectively. Additionally, the band at
1636 cm1 could be related to the unsaturated bond formed
due to the sulfation process. These data have been shown in
Table 2.Figure 1 Swelling indices of BFG and uBFG1 in various pH
enviornments.
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The zeta potentials of BFG and uBFG1 were found to be
16.7 and 38.95 mV, respectively, which indicate the pres-
ence of anionic groups. Moreover, aqueous dispersions of
BFG and uBFG1 yielded an acidic pH, as is evident from
FTIR that BFG and uBFG1 have uronic acid and sulfate
groups, respectively. The results of negative zeta potential
are in consonance with FTIR results. This behavior of BFG
and uBFG1 is similar to that observed for other polysaccha-
rides and was attributed to the presence of uronic acid and sul-
fate units in their structure, respectively. The high negative zeta
potential of both the samples suggests their utility in enforcing
gum-polymer or gum–ion interactions for modulating drug re-
lease characteristics. The higher zeta potential of uBFG1 sam-
ple could be attributed to greater the electronegative character
of SO23 groups, which would exhibit a higher magnitude of
crosslinking thus yielding greater cross-linked density.
3.6. Rheological behavior
The viscosity of both BFG and uBFG1 samples was observed
to increase with an increase in their concentrations. However,
the increase in viscosity of uBFG1 samples was much greater
than for BFG samples. Further, uBFG1 exhibited signiﬁcantly
greater (p< 0.05) viscosity as compared to BFG dispersions
of comparable concentration (Fig. 3a). Accordingly the force
required to accomplish penetration of a probe to a ﬁxed depth
(work of shear) was observed to be greater for uBFG1 samples
(Fig. 3b). The SI of the uBFG1 sample was greater than that of
the BFG solution in both the acidic as well as alkaline pH
(Fig. 1). The higher SI of the uBFG1 sample is supported by
its higher zeta potential, due to which, greater quantity of
water molecules would have got associated with it.
3.7. Mechanical properties
Neither BFG sample nor sodium alginate (SA) sample was
found to exhibit any signiﬁcant (p< 0.05) change in the ﬁrm-
ness (Fig. 4a) and cohesiveness (Fig. 4b) values with increasingysico-chemical and biomedical applications of sulfated Aegle
emistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.07.048
Table 2 FTIR analysis.
Wave number (cm1) BFG uBFG1
1613 Asymmetrical COO stretching vibration Not detected
1421 Symmetrical COO stretching vibration Not detected
1734 Not detected C‚O stretching vibration
1258 Asymmetrical S‚O stretching vibration Asymmetrical S‚O stretching vibration
854 Not detected Symmetrical C–O–S vibration possibly associated to a C–O–SO3 group
1636 Not detected Unsaturated bond formed due to the sulfation process
6 M. Jindal et al.concentrations. Also, the consistency (Fig. 4c) and index of
viscosity (Fig. 4d) were not markedly affected by changing
their concentration. However, the ﬁrmness (Fig. 4a), cohesive-
ness (Fig. 4b), consistency (Fig. 4c) and index of viscosity
(Fig. 4d) of the uBFG1 sample increased with an increase in
concentration.
Firmness is a measure of the maximum force required to ex-
trude a sample from concentric annular space between the
plunger and container. Hence, it is logical to expect greater
ﬁrmness for samples of uBFG1 that had exhibited greater vis-
cosities at different concentrations (Fig. 3a) as compared to
both SA and BFG samples. The fact was that uBFG1 samples
showed greater ﬁrmness, the area under the curve obtained
was also greater. It reﬂected higher consistency values with
increasing concentrations. Similarly, the less viscous SA and
BFG samples did not exhibit any marked change in the max-
imum force due to back extrusion (cohesiveness). Whereas,
the samples of uBFG1, that exhibited greater viscosities with
increasing concentrations, revealed greater cohesiveness and
thereby, greater index of viscosity.
SA has been widely investigated for its use in modifying
drug release dosage forms and food preparations (JensenFigure 3 Comparison of viscosity and textural behavior o
Please cite this article in press as: Jindal, M. et al., Synthesis, ph
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of the results revealed that the viscosity of SA samples was less
than those of BFG and uBFG1 samples. Parameters obtained
from texture analysis evidently indicated that ﬁrmness, cohe-
siveness, consistency and index of viscosity of SA was compa-
rable to BFG. uBFG1 was signiﬁcantly (p< 0.05) superior to
both SA and BFG with respect to these parameters. The fact
that these parameters are important indicators of the perfor-
mance of viscosifying agents in food and pharmaceuticals,
uBFG1 could be suggested to offer a great potential over the
widely used SA for use in pharmaceutical dosage forms and
food products.
3.8. Antimicrobial effect
Antimicrobial effects of BFG, uBFG1 and SA samples were
evaluated using B. cereus and E. coli as a model system. Over-
all, the uBFG1 exhibited better antimicrobial effects than BFG
and SA at all concentrations tested for B. cereus (Fig. 5a).
Even, BFG signiﬁcantly (p< 0.05) inhibited the growth of
B. cereus and E. coli by 17% and 27% at a concentration of
2.0 mg/mL, respectively (Fig. 5a and b). It implies that thef BFG, uBFG1 and SA; (a) viscosity (b) work of shear.
ysico-chemical and biomedical applications of sulfated Aegle
emistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.07.048
Figure 4 Comparison of viscosity and mechanical properties of BFG, uBFG1 and SA; (a) ﬁrmness (b) consistency (c) cohesiveness and
(d) index of viscosity.
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tion, the antimicrobial effect had a tendency to increase with
increasing concentration of the sulfated derivative. It was pre-
viously reported that the bacteriostatic activity of carrageen-
ans was critically dependent on the presence of sulfate
groups (Yamashita et al., 2001). Cellulose sulfate alsoPlease cite this article in press as: Jindal, M. et al., Synthesis, ph
marmelos gum: Green chemistry approach. Arabian Journal of Chexhibited antimicrobial activity against Neisseria gonorrhoeae
and Chlamydia trachomatis, which was explained by the
interaction between proteoglycan receptors and their target
cell ligands (Anderson et al., 2002). Moreover, uBFG1 was
observed to be more effective against E. coli as compared to
B. cereus. Thus, the sulfation-derived antimicrobial activityysico-chemical and biomedical applications of sulfated Aegle
emistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.07.048
Figure 5 Antimicrobial activities of BFG, uBFG1 and SA
against; (a) B. cereus and (b) E. coli. n= 3 for each group; Values
are mean ± S.D. Data of the results were analyzed using ANOVA
followed by the Tukey’s multiple range test. a= P< 0.05 vs. BFG
0.5 mg/ml; a* = P< 0.05 vs. SA 0.5 mg/ml. b= P< 0.05 vs.
BFG1.0 mg/ml; b* = P< 0.05 vs. SA1.0 mg/ml. c= P< 0.05 vs.
BFG 2.0 mg/ml; c* = P< 0.05 vs. SA 2.0 mg/ml.
8 M. Jindal et al.appeared to be more effective against E. coli which belongs to
the gram-negative bacteria. Similar observations have been re-
ported by Park et al. (1995) who found the pectin hydrolysate
to be more effective against gram-negative bacteria (E. coli and
A. aceti) than gram-positive bacteria (Staphylococcus aureus
and Bacillus subtilis).Figure 6 Comparison of anticoagulant activity of heparin with BFG, u
of the results were analyzed using ANOVA followed by the Tukey’s mul
vs. BFG 25 lg/ml; a** = P< 0.05 vs. SA 25 lg/ml. a= P< 0.05 vs. h
vs. SA 50 lg/ml. a= P< 0.05 vs. heparin 10.0 lg/ml; a* = P< 0.05 v
Please cite this article in press as: Jindal, M. et al., Synthesis, ph
marmelos gum: Green chemistry approach. Arabian Journal of Ch3.9. Anticoagulant activity
Blood coagulation is a complex process involving the sequen-
tial activation of clotting factors, ultimately leading to the for-
mation of insoluble ﬁbrin. The disorders of coagulation can
give rise to an increased risk of bleeding and/or clotting. Since
heparin has been clinically used as an effective anticoagulant
medicine, the anticoagulant activity of the sulfated gum
(uBFG1) was compared with that of heparin. Fig. 6 summa-
rizes the anticoagulant activity of sulfated gum sample. The
sulfated gum derivative signiﬁcantly (p< 0.05) prolonged pro-
thrombin time (PT) in a concentration-dependent manner. It is
evident that incorporation of sulfate groups into the gum
structure was responsible for the anticoagulant activity since
native gum hardly exhibited any anticoagulant effect. The
APTT (activated partial thromboplastin time) for uBFG1
was recorded to be more than 4 min at a concentration of
25–100 lg/mL. This could be attributed to the anionic charac-
ter of the sulfated gum, which would have made it easy to
interact with positively charged coagulation proteins, thus,
improving the anticoagulant activity. Studies have demon-
strated that chemical sulfation of pectins, including citrus pec-
tin, give products with anticoagulant properties (Bae et al.,
2009), with the activity depending on the quantity of sulfate
groups. Anticoagulant effects have been reported for other sul-
fated polymers such as b-glucan, chitosan, galactan and galac-
tomannan (Bae et al., 2009). Therefore, the results conﬁrmed
the enhanced anticoagulation activity of uBFG1 to be due to
the introduction of sulfate groups in BFG. The prolonged
PT and APTT (Fig. 6) indicated the inhibition of extrinsic
and intrinsic coagulation pathways, respectively.
4. Conclusion
The sulfation of BFG was successfully accomplished and opti-
mized to 1.94 of sulfation. The molarity of sulfuric acid, tem-
perature and time of reaction was observed to play a vital role
in inﬂuencing the degree of substitution. The sulfated deriva-
tive (uBFG1) was found to be superior to the widely used poly-
saccharide SA in terms of work of shear, ﬁrmness,
cohesiveness, consistency and index of viscosity parameters.BFG1 and SA n= 3 for each group; Values are mean ± S.D. Data
tiple range test. a= P< 0.05 vs. heparin 1.0 lg/ml; a* = P< 0.05
eparin 5.0 lg/ml; a* = P< 0.05 vs. BFG 50 lg/ml; a** = P< 0.05
s. BFG 100 lg/ml; a** = P< 0.05 vs. SA 100 lg/ml.
ysico-chemical and biomedical applications of sulfated Aegle
emistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.07.048
Synthesis, physico-chemical and biomedical applications of sulfated Aegle marmelos gum: Green chemistry approach 9Furthermore, uBFG1 exhibited the absence of antinutritional
factors, better antimicrobial activity and ability to prolong
prothrombin time as compared to BFG and SA. Overall, the
results suggested that uBFG1 could be exploited for diverse
applications instead of SA.Acknowledgement
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